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Understanding the population genetics of bacterial pathogens has become increasingly important because it is a prerequisite for understanding how these pathogens evolve and how genetic changes have allowed them to adapt to different hosts and environments. Molecular characterization of pathogens, coupled with biological tests on host range and ecological parameters, have proven to be very useful in the management of drug resistance, for development of vaccines, and for understanding the epidemiology of the diseases they cause (30, 34) . Although several genomes are now becoming available for single species, understanding evolutionary relationships requires the characterization of a much larger representative sample of isolates (12) .
Classical bacteriological techniques, such as gram staining, sugar utilization analysis, and serological testing, have provided means to identify isolates during short-term outbreaks; however, such methods are inadequate for evolutionary studies (14, 36, 46, 50) . Advances in molecular microbiology have opened new avenues for the phylogenetic analysis of bacterial isolates (27) . These include nonsequence-based methods such as restriction fragment length polymorphisms (RFLPs), randomly amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and simple-sequence repeats (SSRs or microsatellites), plus sequence-based methods targeting specific genes or regions such as 16S rDNA and the 16S-23S internally transcribed spacer (ITS). However, there are several drawbacks to these methods: a RAPD analysis is limited to presence or absence data and reproducibility is poor; the interpretation of genetic information produced by the traditional RFLP analysis and even by the more recent AFLP approach is limited and has largely been replaced by SSRs; SSRs are generally reproducible but the typical high rate of evolution of SSR generally limits their use to problems involving the very recent ancestry of strains; RAPDs, RFLPs, AFLPs, and SSRs all suffer from the problem of the potential homoplasy of alleles that can bias estimated relationships; whereas, conversely, 16S rDNA is too conserved to make inferences about the relatedness of highly similar microorganisms. The 16S-23S ITS generally has a more optimal range of variability but, in common with the other methods, is not generally suitable for detecting recombination between isolates as a source of evolutionary change. More recently, multilocus sequence typing (MLST) has become the method of choice for studying closely related microorganisms because of its high resolution, ease of comparison between laboratories, and suitability for web-based data sharing (26, 31, 32, 35) , as well as its ability to recognize recombination between different lines (13, 15, 58) .
MLST characterizes isolates of bacteria on the basis of sequence variation, using approximately 500 bp of nucleotide sequence from internal fragments of seven housekeeping loci (31, 32, 57) . The different sequences at each locus are assigned different allele numbers, and each strain is defined by the alleles at the seven loci (the allelic profile). Each unique allelic profile defines a sequence type (ST), which is a convenient and unambiguous descriptor for strains (1, 14) , while the complete sequence information is always available for more detailed analysis. This initial assessment of relationships has proven extremely useful in categorizing and tracking the variation and evolution seen in human pathogens (18, 33, 40, 61) . MLST employs housekeeping genes to minimize the effects of transient episodes of selection, a strategy that has been shown to provide high discriminatory power while retaining signatures of longer-term evolutionary relationships and clonal stability (11, 33) .
Despite broad application of MLST to many human pathogens, the approach has been adopted less rapidly in the study of plant pathogens; however, Sarkar and Guttman (49) developed MLST for Pseudomonas syringae and the approach has proven productive in later research (25, 64, 67) . More recently, Danet et al. (9) developed an MLST scheme to characterize fruit tree phytoplasmas.
Scally et al. (50) introduced an MLST system for the plant pathogen Xylella fastidiosa. X. fastidiosa is a New World γ-proteobacterium that infects the xylem of a wide range of plant hosts (23, 24) . It typically causes leaf scorch diseases and is spread by xylem-feeding insects, generally leaf hoppers (45) . A number of economically important plant species are affected, including grape, oleander, almond, peach, coffee, and citrus (23) .
Phylogenetic studies suggested the division of X. fastidiosa into four subspecies (51, 52) : (i) X. fastidiosa subsp. fastidiosa, the cause of Pierce's disease in grape; (ii) proposed X. fastidiosa subsp. sandyi, which causes oleander leaf scorch; (iii) X. fastidiosa subsp. multiplex, associated with scorch disease in a range of trees, including almond, peach, oak, and others; and (iv) proposed X. fastidiosa subsp. pauca, which causes citrus variegated chlorosis and coffee leaf scorch. Although each subspecies is found in multiple plant hosts (for example, X. fastidiosa subsp. fastidiosa not only infects grape; it also causes alfalfa dwarf and overlaps with X. fastidiosa subsp. multiplex in causing almond leaf scorch), there are characteristic subspecific differences in plant hosts (20, 51, 52) , illustrating the importance of always discriminating isolates at the subspecific level. Moreover, there appears to be additional host specificity within some of the subspecies (29, 53 ) that needs further genetic study. Multilocus typing is critically important in documenting host-specific pathogenicity both between and within subspecies, providing the basic genetic information necessary to understand the processes involved in its evolution, and identifying the emergence and spread of novel disease-causing genotypes (50). Scally et al. (50) and Almeida et al. (3) showed that the MLST system for this species was effective in identifying subspecies and, in some cases, plant-host-related subgroups within subspecies, for both North and South American isolates. Furthermore, in both studies, MLST proved effective at recognizing the importance of recombination in the evolution of this species.
MLST in X. fastidiosa is complemented by the availability of four fully annotated and two draft genome sequences: the complete sequences of 9a5c (X. fastidiosa subsp. pauca, isolate CVC0018; Supplementary Table 1) from citrus (56), Temecula-1 (X. fastidiosa subsp. fastidiosa, isolate PD0001) from grape (63), M12 (X. fastidiosa subsp. multiplex, isolate ALS0299) and M23 (X. fastidiosa subsp. fastidiosa, isolate ALS0300) from almond (7) , and the draft sequences of Dixon (X. fastidiosa subsp. multiplex, isolate ALS0003) from almond and Ann1 (X. fastidiosa subsp. sandyi, isolate OLS0002) from oleander (5). These multiple genomes, combined with an effective and reliable strain typing system such as MLST, provides a solid basis for the development of epidemiological and phylogenetic studies within the X. fastidiosa group (10, 55) .
The first goal of the present study was to refine details of the MLST system to increase its reliability and ensure its applicability to non-U.S. forms (specifically, X. fastidiosa subsp. pauca) (3) . In addition, we used genome sequence data to compare the effectiveness of MLST relative to two other genetic typing methods that have been used to study X. fastidiosa: variation in SSRs (28) and in rDNA (19) . The second goal was to investigate the genetic variability of two of the taxa, X. fastidiosa subspp. fastidiosa and sandyi, across the United States and across different plant hosts in order to test the hypothesis that the lack of genetic variation previously observed in a small sample of X. fastidiosa subspp. fastidiosa and sandyi isolates (52) reflected strong selection driven by the severe constraints of host plant adaptation. Schuenzel et al. (52) estimated that these taxa have been evolving independently for more than 15,000 years, and yet little variation was found within either subspecies. The MLST analysis of the same data by Scally et al. (50) quantified this homogeneity by showing that each subspecies was defined by a single genotypic grouping (referred to as a clonal complex). In contrast, the other U.S. subspecies, X. fastidiosa subsp. multiplex, consisted of three distinct clonal complexes. To test this hypothesis, we examined, where possible, isolates collected from a larger number of host plants and a wider geographical range than the previous study to determine if this revealed additional genetic variability.
The third goal was to investigate recombination in X. fastidiosa subspp. fastidiosa and sandyi. Scally et al. (50) and Almeida et al. (3) noted the potentially important role of recombination in generating variation in X. fastidiosa but we were particularly interested in the role of intersubspecific recombination, because this may provide an important source of novel genetic variation. Schuenzel et al. (52) noted one case of apparent intersubspecific recombination into an X. fastidiosa subsp. fastidiosa isolate (PD0014) but did not examine it in detail. We looked for additional examples in our larger set of isolates. (50, 52) , with the exception of the newly sequenced X. fastidiosa subsp. multiplex genome M12 isolate ALS0299 (7), and PLP0070 and CVC0239, which were added to provide additional diversity. Inclusion of a more extensive MLST data set from X. fastidiosa subspp. multiplex and pauca does not alter any of the patterns discussed (data not shown).
MATERIALS AND METHODS

Isolates
MLST system modification. We modified the X. fastidiosa MLST scheme of Scally et al. (50) but retained the same seven housekeeping genes (Table 1) . Sequence data from the six available genomes were used to find conserved primer sites that would allow reliable amplification of each target region from isolates collected from all geographic areas. We also ensured that the size of the amplified sequence was small enough for accurate sequencing in a single read. Oligo 6 (48) was used to help design specific primers. The ratio of nonsynonymous to synonymous substitutions in the redesigned MLST amplicons was estimated and the possibility of positive selection acting at some codons was tested using PAML version 4.3 (68), comparing models 1 and 2. Due to the redesign of the primers, some of the previously recognized variation was no longer included in the MLST system; therefore, some alleles from Scally et al. (50) no longer exist. Those vacated allele numbers were reassigned.
Scally et al. (50) sequenced part of the surface protein gene, pilU, and found that it revealed novel variation not seen in the MLST genes. For this reason, the gene was included in the present study, thus increasing the diversity of the types of gene monitored; however, it is not part of the MLST scheme and was not included in the allelic profiles.
We used BLAST to ensure that the genes used (the seven MLST genes plus pilU) were present as only a single copy in all Identification of clonal complexes. Under the MLST methodology, each allele of a gene is given a different number (31) . Thus, each X. fastidiosa isolate was characterized by its allelic profile, consisting of the seven numbers defining the allele at each of the seven loci. Each unique allelic profile was assigned an ST number. The STs were grouped into clonal complexes using the eBURST (v3) program (14) using the group criterion employed by Scally et al. (50) so that, within each complex, the STs must share five or more alleles with at least one other ST of the clonal complex.
Genetic and phylogenetic analysis. The nucleotide polymorphism and nucleotide diversity within X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. sandyi were estimated based on the polymorphic sites found in the seven MLST genes using DNAsp 4.50.3 (47) . To investigate genetic differentiation using a priori groups based on geography and host plant, the genetic variation between populations relative to within-population variation (K st ) was calculated using DNAsp (47) , which calculates significance using Monte Carlo simulations. To increase statistical power for this test, the pilU sequences were added to the MLST data set.
This same enlarged dataset was used to estimate Tajima's D (60) again using DNAsp, where significance is estimated following Tajima's (60) assumption of a β distribution.
A maximum likelihood (ML) phylogenetic tree was created for each of the eight genes (the seven MLST plus pilU) using all alleles observed, as well as for the concatenated data set using all unique genotypes. This was done both with and without the alleles and isolates identified a priori as derived from intersubspecific recombination. The evolutionary model used was the ML general time-reversible (GTR) model with γ distributed rate variation using PAUP (59), based on our determination that this model never performed significantly worse than the best-fit model defined using FindModel (http://www.hiv.lanl.gov/content/ sequence/findmodel/findmodel.html) (data not shown). Bootstrap values were based on 1,000 replicates. To establish the robustness of the concatenated trees, we also used the ML (Dnaml), and parsimony (Pars) models implemented in Phylip (17) . In cases where a best-fit gene tree topology differed from the known subspecific tree (52) , the congruence of the observed tree to the expected one was tested using the Kishino-Hasegawa-Templeton (KHT) test in Dnaml.
Genetic distances among the Temecula-1, M23, M12, and 9a5c genomes. We measured the genetic distance among the published genomes of two X. fastidiosa subsp. fastidiosa strains (Temecula-1 and M23), an X. fastidiosa subsp. multiplex strain (M12), and one X. fastidiosa subsp. pauca strain (9a5c) using four different types of DNA often used in bacterial phylogenetic studies: 16S rDNA, the 16S-23S ITS rDNA, protein coding genes (the MLST genes), and SSRs using 22 known loci (28) . For the first three types of DNA, genetic distance was based on sequence divergence and calculated using the Phylip program Dnadist using F84 distance (17) . For the SSR data, because only pairs of haploid genomes were compared, the genetic distance was simply the average over loci of some measure of the difference in allele size per locus (d). We employed two measures, one assuming stepwise mutation that uses the absolute difference (54) and a second assuming a geometric distribution of mutation size, where the difference is measured as 1 -2 -|d| (6). Nucleotide sequence accession numbers. The gene sequences for the MLST alleles analyzed in this study are available at GenBank under the following accession numbers: FJ610156 to FJ610160, FJ610163, FJ610165 to FJ610169, FJ610171 to TABLE 1. Polymerase chain reaction (PCR) primers used in the Xylella fastidiosa multilocus sequence typing (MLST), including the genomic annotation, function, and amplicon lengths for the seven MLST housekeeping genes used, plus similar detail for the non-MLST cell-surface gene that was also monitored FJ610176, FJ610179, FJ610181 to FJ610185, FJ610189, FJ610193 to FJ610198, FJ610201, FJ610204 to FJ610207, FJ610210, FJ610213 to FJ610218, FJ610221, and FJ965544 to FJ965546.
RESULTS
Modified MLST. The MLST scheme used is a modified version of the one developed for X. fastidiosa by Scally et al. (50) , using the same seven genes: leuA, petC, malF (originally named lacF), cysG, holC, nuoL, and gltT. However, the specific regions of these genes used was modified either because the original primers gave poor to no amplification with X. fastidiosa subsp. pauca (3), the South American subspecies, or because excessive length of the original amplicon resulted in poor sequence reads. All of the new primers were effective with X. fastidiosa subsp. pauca and the maximum amplicon length in the modified MLST was reduced to 730 bp ( Table 1 ). The modifications reduced the combined sequence length of all MLST genes from 6,675 to 4,161 bp.
MLST is based on monitoring housekeeping genes in order to minimize large localized genetic changes due to strong natural selection. We confirmed that, as reported in Scally et al. (50) , there was no indication that any of the gene regions targeted were subject to positive selection because the overall ratio of nonsynonymous to synonymous substitution (dn/ds) was 0.22, well below the positive selection threshold of 1, and no codons exhibited evidence of positive selection ( χ 1 2 = 0.95 ns for accepting that all dn/ds ≤ 1).
We resequenced all of the isolates included in the study of Scally et al. (50); however, the reduction in length and shifted primer positions resulted in the disappearance of some alleles previously identified, because the region in which they were unique was no longer being sequenced. Those allele numbers were reassigned. The alleles from Table 3 of Scally et al. (50) eliminated were as follows: leuA allele 4 became equivalent to 1 (ALS0011), nuoL allele 4 became 1 (PD0016), allele 5 became 2 (OLS0002), allele 6 became 2 (OLS0009), allele 7 became 3 (ALS0003, OAK0017, OAK0023, OAK0024, PP0027, and PP0028), and gltT allele 6 became 5 (PP0028).
We BLASTed the sequences of the seven MLST genes and the one additional non-MLST gene sequenced (pilU) with the available genome sequences to confirm that the MLST gene fragments were not duplicated anywhere in the genome of any of the X. fastidiosa subspp. They were confirmed to be present as a single copy in Temecula-1 (X. fastidiosa subsp. fastidiosa: PD0001), M23 (X. fastidiosa subsp. fastidiosa: ALS0300), M12 (X. fastidiosa subsp. multiplex: ALS0299), Dixon (X. fastidiosa subsp. multiplex: ALS0003), and 9a5c (X. fastidiosa subsp. pauca: CVC0018); however, the Ann1 database revealed duplicates for all of the eight genes that showed 96 to 98% sequence similarity. In all cases, one copy was identical to our MLST sequences for the Ann1 isolate (X. fastidiosa subsp. sandyi: OLS0002) and the other identical to Dixon (X. fastidiosa subsp. multiplex: ALS0003). In seven cases, the target sequence was present on two different contigs (leuA contigs 220 and 257, petC 256 and 166, malF 147 and 261, cysG 258 and 226, holC 194 and 252, gltT 261 and 236, and pilU 264 and 257, listing Ann1 and Dixon copies, respectively) whereas, in the case of nuoL, the two copies were present on contig 266. The most likely explanation is that the shotgun library of Ann1 is contaminated with an X. fastidiosa subsp. multiplex genome similar to the Dixon isolate.
MLST analysis. The allelic profiles of each ST are shown in Table 2 and the ST of each isolate is shown in Supplementary  Table 1 . The data are also available at the MLST website (http://pubmlst.org). The MLST of the 86 isolates of X. fastidiosa subsp. fastidiosa revealed minor genetic variation, defining only four STs grouped as a single clonal complex (CC1). Of these isolates, 86.0% (74 isolates) had the same ST (ST1), which was designated as the ancestral type. ST2 (eight isolates) and ST3 (one isolate) differed by only 1 bp from ST1. The remaining three isolates defined another ST (ST4), which only differed from ST1 at cysG; however, the difference was a much larger 11 singlenucleotide proteins (SNPs) (see below for further analysis of this cysG allele). The 21 isolates of X. fastidiosa subsp. sandyi formed a second genetically uniform clonal complex (CC2) made up of a single ST, ST5. In the case of X. fastidiosa subspp. multiplex and. pauca, no comprehensive analysis was attempted but the examples that were included represented the range of variability of those subspecies (unpublished data). They clustered as expected: the X. fastidiosa subsp. multiplex isolates grouped together into the three clonal complexes (CC3, CC4, and CC5) previously identified (50) , and the two isolates of X. fastidiosa subsp. pauca from Brazil (CVC0018 and COF0239) grouped together as a pair of singleton STs.
Based on the MLST sequence data, the nucleotide polymorphism and nucleotide diversity in X. fastidiosa subsp. fastidiosa CC2  5  2  2  2  2  2  2  2  21  CC3  6  3  3  3  3  3  3  3  1  7  3  3  3  7  3  3  3  1  CC4  9  3  3  5  5  4  3  4  2  CC5  10  5  4  3  3  6  3  5  1  26  5  3  3  3  6  3  5  1  Singleton  13  7  6  7  9  10  7  8  1  14  8  8  8  11  12  9  9  1 a Numbering of the alleles within each locus is arbitrary. It is not determined by genetic similarity. b Clonal complex (CC)1 = X. fastidiosa subsp. fastidiosa; CC2 = X. fastidiosa subsp. sandyi; CC3, CC4, and CC5 = X. fastidiosa subsp. multiplex; and singleton type = X. fastidiosa subsp. pauca.
was 0.048 and 0.005%, respectively (excluding the two highly divergent recombinant alleles discussed below), and, in X. fastidiosa subsp. sandyi, there was no polymorphism (i.e., both measures were 0.000%). Contrasted to the level of nucleotide polymorphism seen in the representative sample of X. fastidiosa subsp. multiplex of 0.240%, X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. sandyi exhibited little variation. Genetic differentiation. Given the low level of genetic variation observed in X. fastidiosa subspp. fastidiosa and sandyi, we added sequence data from the cell-surface gene pilU to increase the power of our search for genetic differentiation within the subspecies. In X. fastidiosa subsp. fastidiosa, although there was one common allele (82%), eight other alleles were found, all at a frequency of less than 5%; in X. fastidiosa subsp.
Comparisons among the three North American subspecies confirmed their highly significant genetic differentiation (all K st > 0.8) ( Table 3 ). The ML phylogenetic tree of the concatenated sequences confirmed this clear differentiation (with ≥ 99% bootstrap support) and reaffirmed the relationships among the subspecific groupings (52) (Fig. 1A) . This tree was robust to methodology: the same tree topology was obtained using two different ML methods (PAUP GTR + γ model and Phylip) and using parsimony.
The same subspecific relationships were supported by the phylogenies derived from six of the eight individual genes; however, the trees of two genes showed a single X. fastidiosa subsp. fastidiosa allele (allele 4 in cysG and allele 14 in pilU) grouping in the "wrong" position with X. fastidiosa subsp. multiplex (Fig. 2) . This suggested that these two alleles were the product of intersubspecific recombination. These recombinant alleles caused the cysG and pilU trees to be significantly different from the expected subspecific groupings (see next section). Removing from Figure 1A isolates carrying these recombinant alleles (PD0204/PD0014x2 [i.e., PD0014 plus the identical PD0368, carrying cysG allele 4] and ALS0094x2 [i.e., ALS0094 plus the identical ALS0203, carrying pilU allele 14) makes the subspecific pattern more pronounced, and no further subdivision within the X. fastidiosa subsp. fastidiosa clade or within the X. fastidiosa subsp. sandyi clade was observed (Fig. 1B) .
We investigated two hypotheses that could account for the lack of variation seen in X. fastidiosa subsp. fastidiosa due to sampling bias. First, we looked for any evidence of geographical substructure. Such substructure, combined with the Californian bias of the available samples, could indicate that variation was being overlooked. However, using all of the available sequence data (MLST plus pilU), pairwise comparisons between the west (California), the south (Texas), and the east (Florida, Georgia, Kentucky, and North Carolina) showed no evidence of any geographical genetic structuring that might indicate unsampled variation (Table 3) . Second, Schuenzel et al. (52) had suggested that the lack of variation they observed in their limited sample of X. fastidiosa subsp. fastidiosa isolates (seven from grape and two from almond) could be due to host selection. This hypothesis suggests a reservoir of genetic variation present in other hosts. Analysis comparing isolates from grape (Vitis vinifera), almond (Prunus dulcis), and other hosts (cherry, P. avium; maple, Acer sp.; alfalfa, Medicago sativa; muscadine, V. rotundifolia; desert wild grape, V. girdiana; wild grape, V. aestivalis; New Zealand Christmas tree, Metrosideros sp.; Western redbud, Cercis occidentalis; Spanish broom, Spartium junceum; sweet scent, Pluchea odorata; elderberry, Sambucus canadensis; citrus, Citrus sinensis; and lupine, Lupinus aridorum) showed no differences among them (Table 3) , and there was no increase in genetic diversity among isolates from these "other" hosts.
A third hypothesis of a founding bottleneck predicts, in addition to a lack of genetic variation, that variation should show an excess of rare alleles. This bias can be detected as a negative Tajima's D, which measures the difference between nucleotide diversity and a weighted estimate of nucleotide polymorphism. Using the MLST + pilU data, Tajima's D was -2.45 (P < 0.01).
In the case of X. fastidiosa subsp. sandyi, of the 21 isolates sequenced, 20 were identical and the 21st differed by only a single base pair. The one variant was found in California on oleander but, given the almost total lack of variation, there was clearly no indication of geographical variation between the Californian and Texan isolates of these subspecies. Similarly, although only three isolates have been obtained from hosts other than oleander (daylily, magnolia, and jacaranda) (Supplementary Table 1 ), these were genetically identical to all but one of the oleander isolates; therefore, no host-plant differentiation was apparent.
Recombination. Schuenzel et al. (52) suggested that the cysG allele of PD0014, isolated in Mendocino County in Northern California, was the result of intersubspecific recombination. We resequenced PD0014 using the modified MLST scheme, confirming the cysG sequence as allele 4. We found that two other isolates, PD0204 and PD0368, from nearby Sonoma County carried the same allele. These three isolates defined ST4 (although PD0204 was genetically distinct because it differed at pilU) (Supplementary Table 1 ) and, except at cysG, they all carried alleles identical to the abundant X. fastidiosa subsp. fastidiosa ST1 and grouped within CC1 (Fig. 1) . The phylogenetic tree based only on cysG (Fig. 2) showed that allele 1 (FAS-1), found in 82 of the 86 X. fastidiosa subsp. fastidiosa isolates, plus FAS-20 (found in only 1 isolate), together with allele 2 (SAN-2), found in all X. fastidiosa subsp. sandyi isolates, grouped as expected (97% bootstrap support); however, allele 4, restricted to X. fastidiosa subsp. fastidiosa, grouped with the X. fastidiosa subsp. multiplex alleles 3 and 5. This gene tree was significantly different from the known subspecific tree based on the KHT test (Δlog likelihood = 31.5 ± 12.5). Allele 4 differed from the typical X. fastidiosa subsp. fastidiosa allele 1 at 11 different sites (and from the X. fastidiosa subsp. sandyi allele 2 at 7 of these sites plus 4 more) but showed identity at all 11 when compared with the X. fastidiosa subsp. multiplex allele 3, from which it differed at only 2 other sites (Table 4 ). In the absence of recombination, this pattern requires seven convergent mutations, two nonsynonymous and five synonymous. The involvement of synonymous changes eliminates convergence due to selection and, given seven mutations, the chance of them occurring at seven of the nine sites (out of 545 bp) that distinguish X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. sandyi from X. fastidiosa subsp. multiplex is ≈10 -14 (= 9!/(2!/545 7 ), without even accounting for the need of each mutation to result in a specific nucleotide. On the other hand, such a pattern is entirely consistent with genetic exchange between X. fastidiosa subsp. multiplex and X. fastidiosa subsp. fastidiosa.
A second example of recombination from X. fastidiosa subsp. multiplex into X. fastidiosa subsp. fastidiosa was found in the two ST1 isolates, ALS0094 and ALS0203. Because they were ST1, they had the same sequences as the vast majority of X. fastidiosa subsp. fastidiosa isolates across the MLST genes; however, they each carried a highly divergent allele 14 at pilU. This allele grouped with X. fastidiosa subsp. multiplex with 100% bootstrap support (pilU) (Fig. 2) , resulting in a tree that was significantly different from the known subspecific tree based on the KHT test (Δlog likelihood = 55.8 ± 15.9). There are 18 nucleotide differences between pilU allele 14 and allele 1, and X. fastidiosa subsp. sandyi allele 2 differs from allele 14 at 12 of these sites plus 2 others (Table 4) . In stark contrast, the X. fastidiosa subsp. multiplex allele 3 differs from allele 14 at only one site, suggesting a recent common ancestry consistent with recombination of sequence from X. fastidiosa subsp. multiplex into X. fastidiosa subsp. fastidiosa. More specifically, in the absence of recombination, this pattern requires 11 convergent mutations, 4 nonsynonymous and 7 synonymous. As with cysG, the involvement of synonymous changes eliminates convergence due to selection and, given 11 mutations, the chance of them occurring at the only 11 sites (out of 600 bp) that distinguish X. fastidiosa subspp. fastidiosa and sandyi from X. fastidiosa subsp. multiplex is ≈10 -23 (= 11!/600 11 ), again not accounting for a specific base needing to result from each mutation.
Comparison of genetic typing methods. We compared four different typing methods-multilocus SSR, MLST, 16S-23S ITS sequencing, and 16S sequencing-using the published genomes of X. fastidiosa subsp. fastidiosa (Temecula-1 and M23), X. fastidiosa subsp. multiplex (M12), and X. fastidiosa subsp. pauca (9a5c). The SSR analysis showed that the two X. fastidiosa subsp. fastidiosa genomes had no alleles in common with the single X. fastidiosa subsp. multiplex genome, whereas Temecula-1 and M23 differed at 68% (15 of 22) of the SSR loci (Table 5 ). Based 10 (ACGCATC) 9 (ACGCATC) 14 ASSR-12 (GATTCAG) 8 (GATTCAG) 8 (GATTCAG) 9 ASSR-14 (CTGCGTGC) 9 (CTGCGTGC) 9 (CTGCGTGC) 7 ASSR-16 (GCTCCGGTTCTA) 19 (GCTCCGGTTCTA) 17 (GCTCCGGTTCTA) 12 
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(ACAACG) 4 (ACAACG) 4 (ACAACG) 6 ASSR-20 (ACAGAAA) 18 (ACAGAAA) 9 (ACAGAAA) 5 GSSR-4 (ATCC) 18 (ATCC) 17 (ATCC) 12 GSSR-6 (CTTGT) 14 (CTTGT) 12 (CTTGT) 6 GSSR-7 (GGCAAC) 24 (GGCAAC) 25 (GGCAAC) 11 (TATCTGT) 21 (TATCTGT) 14 (TATCTGT) 2 GSSR-14 (TCCCGTA) 24 (TCCCGTA) 6 (TCCCGTA) 5 
GSSR-15
(AGCCTGC) 17 (AGCCTGC) 16 (AGCCTGC) 4 
GSSR-19
(GAAAACAAG) 20 (GAAAACAAG) 21 (GAAAACAAG) 1 GSSR-20 (GAACCACTA) 7 (GAACCACTA) 7 (GAACCACTA) 2 a SSR locus names from Lin et al. (28) .
on these data, the genetic distance between the two X. fastidiosa subsp. fastidiosa genomes was 42% of the distance between the two subspecies using the single-step mutation model and 58% using the geometric model ( Table 6 ). As expected, this closer relationship within (versus between) subspecies was highly significant (P < 0.001), based on a sign test: the smallest allelic length difference was the within-subspecies comparison in 20 or 19 of 22 loci (Temecula-1 or M23 versus M12) ( Table 5 ). None of these 22 SSR loci could be located in the X. fastidiosa subsp. pauca genome; therefore, more distant subspecific comparisons were hypothetical, although the geometric distance measure has a maximum value of 1.0 (Table 6 ).
MLST analysis showed that Temecula-1 and M23 were both ST1 (although they differed at pilU by a single base pair). Whereas the two X. fastidiosa subsp. fastidiosa genomes differed from M12 by 69 bp, both differed similarly from 9a5c (136 and 127 bp, respectively). Thus, within subspecies, the genetic distance was 0% of the between-subspecies value, and the distance between X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. multiplex was 55% of their average distance to X. fastidiosa subsp. pauca (Table 6 ). Based on the 16S-23S spacer, the genetic distances for the three North American strains were very similar to the MLST result: no difference between the two X. fastidiosa subsp. fastidiosa isolates and 7 SNPs in 513 bp distinguishing X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. multiplex. The 16S-23S difference between the two U.S. subspecies (X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. multiplex) and the South American X. fastidiosa subsp. pauca was 11 and 4 SNPs, respectively. both measures being lower than the MLST distances. The 16S sequences were also identical within X. fastidiosa subsp. fastidiosa. The distances between the subspecies were as follows: X. fastidiosa subsp. fastidiosa versus X. fastidiosa subsp. multiplex was 0.002, with 3 SNPs in 1,537 bp; X. fastidiosa subsp. fastidiosa versus X. fastidiosa subsp. pauca was 0.003, with 4 SNPs; and X. fastidiosa subsp. multiplex versus X. fastidiosa subsp. pauca was 0.002, with 3 SNPs (Table 6 ).
DISCUSSION
In this study, we modified the MLST system to make it more effective and robust in strain typing. With the improved system, we examined the genetic structure of two subspecies of X. fastidiosa, one causing Pierce's disease (X. fastidiosa subsp. fastidiosa) and the other causing oleander leaf scorch (X. fastidiosa subsp. sandyi). Little genetic variation was found within these two subspecies. This was reflected in the eBURST analysis, which classified both the 86 X. fastidiosa subsp. fastidiosa isolates and the 21 X. fastidiosa subsp. sandyi isolates as single clonal complexes (CC1 and CC2, respectively) (Fig.  1A) . The DNA polymorphism of the MLST loci across all 86 X. fastidiosa subsp. fastidiosa isolates and 21 X. fastidiosa subsp. sandyi was 0.048 and 0.000%, respectively (excluding the recombinant cysG allele found in two X. fastidiosa subsp. fastidiosa isolates), which was a fivefold reduction in genetic variability compared with a representative sample of X. fastidiosa subsp. multiplex (0.240%). Although X. fastidiosa subsp. sandyi, at 0 SNPs per 4,161bp, is clearly monomorphic, the level observed in X. fastidiosa subsp. fastidiosa, roughly 1 SNP per 2 kb, is well within the range (1 SNP per 200 bp) defining genetically monomorphic bacteria (2) .
These results confirm the conclusions drawn from the previous analysis of Scally et al. (50) , who typed nine isolates of X. fastidiosa subsp. fastidiosa, seven from grape and two from almond, and six isolates of X. fastidiosa subsp. sandyi, all from oleander. This lack of variability is not due to the very recent origin of these taxa as specialists on novel host plants, associated with Spanish settlers introducing European grape and oleander, because sequence data indicated, conservatively, a divergence some 15,000 to 25,000 years ago (52) . Three other hypotheses might account for the lack of genetic variation of these subspecies. First, strong plant host selection could favor specific clones in specific hosts (52) . In the previous study, all X. fastidiosa subsp. fastidiosa isolates were from grape or almond and all X. fastidiosa subsp. sandyi isolates were from oleander. Second, geographical structuring within the United States might result in an apparent lack of variability if sampling was focused in a single region. In the previous study, all samples were from California except for one isolate of each subspecies. Third, introduction of the subspecies into the United States from elsewhere could result in a founder effect that would reduce genetic variability. A corollary of this hypothesis is that these subspecies must occur elsewhere outside of the United States, where they exhibit higher levels of genetic variation.
X. fastidiosa subsp. sandyi was sampled roughly equally from different places in California and Texas. Despite this geographical separation, the isolates showed complete genetic homogeneity, with the exception of one isolate that had a 1-base difference (in the non-MLST gene, pilU) out of 4,706 bases. This divergent genotype was isolated from oleander; therefore, although only three of the isolates were from alternate hosts, they were all identical to each other and to 18 of the 19 oleander isolates. Thus, we found no support for the possibility that there was additional variation in X. fastidiosa subsp. sandyi within the United States, distributed either geographically or among different plant hosts.
The isolates of X. fastidiosa subsp. fastidiosa were sampled even more widely across the United States (primarily California, Texas, and Florida) but there was no evidence of significant geographical differentiation. Similarly, comparison of isolates from commercial grape (two species), almond, and other plant hosts (cherry, maple, alfalfa, two species of wild grape, New Zealand Christmas tree, Western redbud, Spanish broom, elderberry, citrus, sweet scent, and lupine) failed to reveal any genetic heterogeneity that might indicate some reservoir of genetic variation in alternate plant hosts. Thus, although X. fastidiosa subsp. fastidiosa is more genetically variable then X. fastidiosa subsp. sandyi, the variability is minimal at 1 SNP per 2 kb, and there was no indication that additional variability was distributed geographically across the United States or among different plant hosts.
Because there was no evidence for substantial geographic differentiation or plant-host differentiation within X. fastidiosa subspp. fastidiosa and sandyi that could lead to a large underestimate of genetic variability (due to a sampling bias), it becomes probable that the lack of variability in both of these subspecies is real and was due to a founder effect. Under this hypothesis, the greater variability seen in X. fastidiosa subsp. fastidiosa relative to X. fastidiosa subsp. sandyi could be due to its earlier introduction into the United States, a pattern consistent with the known history of these pathogens. Pierce's disease of grapevine, the disease caused by X. fastidiosa subsp. fastidiosa, first appeared in the United States in Southern California in the 1880s (41), whereas oleander leaf scorch, the disease caused by X. fastidiosa subsp. sandyi, was first observed 100 years later, in the 1980s, also in Southern California (43) . The distribution of variation in X. fastidiosa subsp. fastidiosa is biased toward rare variants (defining a significantly negative Tajima's D statistic), as expected during the reestablishment of variation following a severe bottleneck. Moreover, Montero-Astua (37, 38) recently showed that isolates from coffee and grape from Costa Rica were genetically similar to X. fastidiosa subsp. fastidiosa, raising the possibility that X. fastidiosa subsp. fastidiosa originated in Central America (L. Nunney, unpublished data). Precise estimation of the timing of these introductions is not possible because the build-up of genetic variability following a founder event depends upon the effective size of the bacterial population; however, the finding of only one isolate carrying a single variant SNP (out of the 4,706 bp examined) in X. fastidiosa subsp. sandyi is consistent with the recent introduction of a single genotype. Similarly, the level of variation seen in X. fastidiosa subsp. fastidiosa, while markedly greater than that of X. fastidiosa subsp. sandyi, again indicates the introduction of a single genotype: the negative Tajima's D supports the occurrence of a strong bottleneck followed by a gradual accumulation of rare alleles and, most notably, all of these alleles were only one mutational step away from the allele found in the dominant genotype of ST1 plus pilU allele 1. This genotype made up 60% of the samples despite the widespread geographical and plant-host sampling, and we found no evidence of a second potential ancestral type within the United States. However, X. fastidiosa subsp. fastidiosa has been present in the United States since at least the 1880s (41) , and the reestablishment of genetic variation is expected to be considerably more rapid at SSR (microsatellite) loci due to their much higher mutation rates. Data from the two genomes Temecula-1 and M23 illustrate this recovery: the two genomes differed at 16 of 22 SSR loci (Table 5 ) but they were identical across all 4,161 bp covered by MLST. At a larger scale, the very low genetic variability seen in the complete MLST dataset of 86 isolates contrasts markedly with the extensive SSR variation detected in a study of 23 X. fastidiosa subsp. fastidiosa isolates from California (28), consistent with the expectation that SSR variability has recovered from the initial genetic bottleneck.
MLST is extremely useful in identifying and grouping bacterial isolates; however, it can also be used to investigate recombination (13, 15, 58) . Recombination in X. fastidiosa was first reported by Scally et al. (50) and, here, we provided further evidence of the homologous recombination of X. fastidiosa subsp. multiplex alleles into X. fastidiosa subsp. fastidiosa. The recombinant origin of the cysG allele 4 in PD0014 was previously noted (50, 52) , and we found two more examples of isolates carrying it. This allele appears to have originated by a genetic transfer from X. fastidiosa subsp. multiplex because allele 4 and the X. fastidiosa subsp. multiplex allele 3 share 11 base differences from the alleles found in all other isolates of X. fastidiosa subsp. fastidiosa. Similarly, we found 2 X. fastidiosa subsp. fastidiosa isolates carrying pilU allele 14, which differs from X. fastidiosa subsp. multiplex allele 3 at a single site, but these two alleles share 17 site differences from the alleles found in the other 60 X. fastidiosa subsp. fastidiosa isolates.
MLST is one of several potential typing systems. Almeida et al. (3) , in their analysis of X. fastidiosa subsp. pauca, compared MLST with SSR analysis. They concluded that the high variability of SSR loci can be a very powerful tool for studies at the local population level, while MLST is more appropriate for larger-scale investigations. For example, in the study of Lin et al. (28) , 23 X. fastidiosa subsp. fastidiosa and 5 X. fastidiosa subsp. sandyi isolates were all found to be genetically unique based on 34 SSR loci; however, the power to detect the phylogenetic relationships among X. fastidiosa subsp. fastidiosa, X. fastidiosa subsp. sandyi, and X. fastidiosa subsp. multiplex was lost. We quantified this SSR variability directly from genome sequences ( Table 6 ) and showed that the genetic differences within X. fastidiosa subsp. fastidiosa averaged 50% of those between X. fastidiosa subsp. fastidiosa and X. fastidiosa subsp. multiplex, whereas MLST data showed the differences within subspecies to be less than 1% of those between subspecies. This dramatic difference illustrates how quickly SSR variation builds up and saturates (noting that the X. fastidiosa subspp. fastidiosa and multiplex differed at all of the SSR loci, whereas none of these loci could even be found in the more distantly related X. fastidiosa subsp. pauca). This saturation distorts the time scale of evolutionary change and strongly supports the conclusion of Almeida et al. (3) that SSRs are only appropriate for intrapopulation studies where there is a very short time scale. For example, SSRs are expected to be very useful in tracking the epidemiological spread of a new and virulent genotype from one season to a next. MLST is more appropriate at longer times scales and is the only method appropriate for detecting recombination.
Another commonly used phylogenetic approach is based on rDNA sequences. Based on our genome comparison, both the 16S and the intergenic spacer gave information roughly equivalent to MLST based on a single locus (rather than seven). Therefore, it is much less powerful than MLST and subject to potentially unrepresentative local genomic events. The 16S gene showed little change at this evolutionary scale, with only a 0.2 and 0.3% difference between subspecies. Clearly, this approach lacks power within subspecies.
In summary, we found that, compared with single-locus analysis, such as using 16S rDNA, which provides too little variation, and SSR, which provides too much variation for evolutionary analysis, the MLST method has clear advantages. MLST facilitates rapid recognition of novel isolates; has proven itself to be very useful in phylogenetic research, including the detection of recombination; and provides an accurate, high-throughput platform for large-scale pathogen typing.
In applying MLST to the problem of detecting and understanding within-species genetic patterns in two of the X. fastidiosa subspp., our analysis of 86 X. fastidiosa subsp. fastidiosa and 21 X. fastidiosa subsp. sandyi isolates suggests that both subspecies show a lack of genetic variation consistent with their introduction into the United States just prior to the first recorded outbreaks of Pierce's disease in the 1880s (for X. fastidiosa subsp. fastidiosa) and of oleander leaf scorch in the 1980s (for X. fastidiosa subsp. sandyi). However, the timing of the introduction of X. fastidiosa subsp. fastidiosa is somewhat uncertain because of anecdotal evidence that Pierce's disease was the cause of the rapid failure of grapevines planted in the Gulf Coast region in the early 1800s (J. Kamas, personal communication). If this anecdotal evidence is correct, the California outbreak resulted from an introduction from the Gulf (22) but this does not alter the evidence pointing to a single successful introduction into the United States. The MLST analysis also enabled us to detect two clear examples of homologous recombination of DNA from X. fastidiosa subsp. multiplex into X. fastidiosa subsp. fastidiosa. Such observations of recombination are important because they suggest a mechanism by which X. fastidiosa may rapidly adapt to new plant hosts.
